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Adhesion Using Molecular Models 
Adhesion of Polyethylene and  Poly( vinyl Chloride) to  Metals 
To learn how to select the most 
suitable adhesive for use on a 
given metal surface, scale 
models of molecules of high 
polymers and metal surfaces- 
titanium, stainless steel, and iron 
-were prepared and fitted to- 
gether, and the adhesive force 
was calculated for various com- 
binations. The geometric ar- 
rangement of adhesive mole- 
cules on metal surfaces has a 
strong effect on the adhesive 
force between the two. Cal- 
culated adhesive forces based 
on the maximum number of 
interactions are much' greater 
than experimental values 
ATTAINMENT of maximum adhesion 
between organic adhesives and metal. 
cellulose, plastic, leather, glass, and 
other adherends requires an understand- 
ing of the nature of the forces operating 
the adherend-adhesive system. Of 
fundamental importance, also, is a 
knowledge of the extent to which the 
architecture of the adhesive and ad- 
herend permits the forces of adhesion 
to be exerted. Such information is not 
sufficient to select the most suitable 
'adhesive for a given adhefcnd. The 
method of preparing the surface of the 
adherend can exert a strong influence on 
the degree of adhesion, and other factors, 
some known and some obscure, decrease 
bond strengths below those expected 
from the adhesional forces involved (23). 
Adhesion, which may be advantage- 
ously considered as an adsorption phe- 
nomenon, has been attributed to a variety 
of forces, such as covalent interactions 
between vulcanized rubber and brass 
(6, 72) and between alkyd resins con- 
taining organic acids and metals (70), 
van der Waals forces acting in many 
systems of adhesives and adherends 
(75,25), hydrogen bonding between cellu- 
lose and adhesives containing carbonyl 
groups (78), electrostatic interaction 
between charges transferred across the 
interface between adhesive and adherend 
(7, 27), and other interactions (9). 
Based on an assumed type of interaction, 
generally on dipole or dispersion (van 
1 On assignment from U. S. Naval 
Postgraduate School, Monterey, Calif. 
der Waals) forces, the energy of ad- 
hesion and bond rupturing force have 
been calculated by a number of workers 
(3, 6, 75, 76). Calculated strengths of 
adhesion generally are from one to 
several orders of magnitude greater than 
observed values. For example, Eley 
(8) estimates the strength of polythene- 
steel bonds as about 2400 p s i . ,  which 
appears to be 12 to 24 times the experi- 
mental value for essentially unoxidized 
polyethylene (2). 
Because most calculated strengths of 
adhesion are much greater than those 
found experimentally, there is a t'endency 
to ascribe the discrepancy to factors 
such as stress concentrations, flaws, and 
inadequate preparation of the surface of 
the adherends and to conclude that van 
der Waals forces account satisfactorily 
for the adhesion of polymeric adhesives. 
Adhesional strengths generally are cal- 
culated by estimating the interaction 
energy of a single small molecule with a 
single site on the surface of the adherend 
and then summing or integrating over 
unit area of the surface, assuming that 
all possible sites on the surface are 
occupied by molecules of adhesive. If 
only a fraction of these sites participate 
in adhesion, because of the geometrical 
restrictions imposed by the spacings in 
the molecule of the adhesive and in the 
surface, the calculated strength of an 
adhesive bond would be high,,and might 
be very high, compared to experimen- 
tally observed values. Kemball (74) 
recognized the importance of the fit 
of active groups of the adhesive into 
sites on the surface of the adherend and 
showed how the shear tensile strength 
can vary by a factor of 6.5 ,  depending on 
the arrangement of the adhesive groups 
on the surface. Calculations of Simha, 
Frisch, and Eirich (26) show that only a 
fraction of the active groups of a polymer 
chain can be expected to be anchored 
to the surface of an adherend, when the 
polymer is deposited from dilute solu- 
tion. 
Models of Surfaces of Metals 
Using Wyckoff's data (30) for the 
crystal structure and the latest Gold- 
Schmidt radii (28), models (scale: 1 A. = 
1 cm.) were constructed of the surfaces 
of titanium and iron and of the surface 
oxides Ti-0, a-Fe-0, and Fen08 
by drawing circles to scale on a large 
sheet of Lucite to represent the positions 
of the metal and oxygen ions. The plane 
of the surface of the Lucite was made to 
pass through the centers of the surface 
ions of the crystal. There resulted a 
flat surface, on which were drawn the 
circumferences of the particular ions 
concerned, each properly spaced with 
respect to its neighbors and all to scale. 
Sections of Figures 2 to 8 not covered 
by segments of polymer molecules show 
the spacings, to scale, of the crystal 
lattices studied. 
Titanium and iron were selected for 
study because of the practical impor- 
tance of these metals as adherends. The 
basis for the selection of the oxides was: 
Ti-0 appears to be the oxide most 
likely to form on the surface of titanium 
(5, 20); FepO3 is very close in structure 
to Crz03, which seems to be the pre- 
dominant oxide in the surface of stainless 
steel ( 7 ,  5, 24); a-FeO is believed to be 
the most probable oxide in the surface 
of pure iron, as it undergoes transition 
to Fez03 (4, 7 7 ) .  After preparation, all 
the ions of each surface model were 
checked for accuracy of size and spacing. 
Molecular Models 
Fisher-Hirschfelder-Taylor molecular 
models of segments of the polymers 
(scale: 1 A. = 1 cm.) were used. Prior 
to use, the carbon-carbon, carbon- 
oxygen, and carbon-hydrogen distances 
were measured to ensure that the atoms 
were correctly fitted together. In- 
dividual carbon, hydrogen, and oxygen 
atoms were measured and found to show 
little variation in size. The dimensions 
observed checked very well with Paul- 
ing's radii. 
Experimental Procedure 
The presence of different rows of 
ions in the models of the crystal lattices 
of the surface of the adherend, combined 
with different possible orientations of 
groups on the chains of the high poly- 
mers, means that a number of different 
arrangements of the chains on the 
surface are possible. Evidently, then, 
one can determine, without resorting to 
statistics, only the maximum number of 
interactions that are geometrically pos- 
sible per unit area either between groups 
on the chain and ions in the surface, 
with the chain oriented in a predeter- 
mined way, or a t  or around occasional 
polar groups such as the carbonyl group 
in oxidized polyethylene. The pro- 
cedure adopted, therefore, was to make 
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Hydrogen of C--H+ dipole, straddle position 
Carbon of O-=C+ dipole, vertical position 
Oxygen of C+=O- dipole, vertical position 
6. Side view of surface plane of titanium 
1. 
2. 
Oxygen of C +=O- dipole at angle 
Oxygen of C+=O- dipole normal to surface 
Figure 1. Schematic diagrams of orientations of group 
dipoles on Ti -0 ( A )  and Ti (6) show geometric relationships 
Figure 2. Oxidized polyethylene on Fez03 surface 
o-=C+. . .O-- interaction on left; C+=O-. . .Fe+ interaction on 
right 
Figure 4. Oxidized polyethylene on a-Fe 
c +eo - . . . Fe' interaction 
Figure 3. Poly(viny1 chloride) on a-FeO surface 
C+-CI-. . .Fe+ interaction along Fe-Fe-Fe-Fe row 
Figure 6. 
straddle position alona O-O-O-O row 
T i 0  surface with unoxidized polyethylene in 
- 
C--H+. . . O w -  interaction on left; oxidized polyethylene, 
O-=C+. . .O-- and straddle C--H+.. .O--interactions on the right 
Figure 5. Oxidized polyethylene on basal plane of Ti  
C+=O-. . .Ti+interaction 
't 
2 ,* 
a r  . 
, 
Figure 7. Unoxidized polyethylene on 0-0-0-3 row 
of T i 0  surface 
Figure 8. Poly(viny1 chloride) on T i 0  surface 
C--H +. . . 0 --- interaction along O-O-O-O row 
Vertical C--H+. . .O-- interaction left; straddle C--H+. . .O-- in 
teraction right 
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models of segments of straight-chain 
polyethylene, oxidized straight-chain 
polyethylene, and poly(viny1 chloride) 
molecules, and arrange them on the 
model of the metal surface in such a 
way that, by trial and error. the position- 
ing gave the maximum number of inter- 
actions between the two. All the types 
of dipole-surface ion interactions were 
considered except H+-C-. . M +  and 
Cl--C+. , .O--,  where the models 
showed that the carbon cannot approach 
the surface closely enough for significant 
interaction. 
The molecular model was placed on 
the surface model and arranged in a 
straight chain, so that the maximum 
possible number of groups of the mole- 
cule were in physical contact with the 
surface and situated over the centers of 
oxygen or metal ions in a given row on 
the surface. This sort of arrangement 
should give rise to the maximum force of 
interaction obtainable, if one accepts 
the type of bonding postulated. Assum- 
ing that the chains of the polymer lie in 
rows on the surface, the fraction of the 
surface not covered was determined by 
arranging a second straight chain on the 
surface, parallel to the first chain and no 
farther from it than the distances between 
chains of both polyethylene and poly- 
(vinyl chloride) that are given by Mark 
(79). When Mark’s interchain distance 
was employed, the second chain fre- 
quently fell 0.1 to 0.2 A. short of fitting 
on a row of surface ions. In  such cases, 
the distance between chains was ex- 
tended by this amount to provide for the 
maximum amount of interaction. With 
the two chains arranged in the above 
manner on the surface, the number of 
vacant sites was determined by inspec- 
tion. 
Because the maximum force of ad- 
hesion corresponding to the various 
arrangements of the molecules of ad- 
hesive over the surface was sought, the 
segments of chains were placed, in 
successive experiments, over different 
rows of ions in the crystal lattice, using 
the technique described. The rows 
Ti-0-Ti-0-Ti, Fe-O-Fe-0- 
Fe, -0-0-0-0- on both titanium 
and iron surfaces, Fe-Fe-Fe-Fe, 
and Ti-Ti-Ti-Ti, the latter two 
corresponding to the pure metals, were 
investigated. These rows can be readily 
identified in Figures 2 to 8. The number 
of vacant sites was determined in each 
case. 
Two possible orientations of the CH2 
groups of polyethylene and poly(viny1 
chloride) chains with respect to the 
ions of the surface were found to be 
possible. In  one, a hydrogen atom is 
situated above and to each side of an 
oxygen ion-in the straddle position. 
I n  the other configuration the hydrogen 
atom of the dipole is located vertically 
above, but sometimes to one side of, an 
oxygen ion. The geometric relation- 
ships are shown in Figure 1, A and B. 
Measurements were made for both 
positions. The same two orientations 
are possible for oxidized chains of poly- 
ethylene. 
When the fitting process was carried 
out, it  became evident that a certain 
number of carbon atoms were required in 
the chain before a set of positions of 
hydrogen atoms over oxygen ions was 
repeated. The hydrogen atoms of a 
given hydrocarbon chain were progres- 
sively displaced from positions above 
the centers of the surface ions up to a 
given hydrocarbon chain length. Then, 
the next hydrogen atom was again 
exactly over a surface ion to start repeti- 
tion of the pattern. The end result of 
such a set of spacings is shown by the 
position of the hydrogen next to the 
methyl end group, shown in contact 
with an oxygen ion in the chain segment 
on the left in Figure 7. This means, of 
course, that only a few hydrogen atoms 
of any given chain were vertically above 
oxygen ions. 
The same type of geometrical co- 
incidence was found upon fitting models 
of oxidized polyethylene to metal ions 
in surfaces. By determining, from in- 
spection, the number of ions in the 
surface required for repetition of the 
geometrical pattern when two chains 
were employed, the dimensions of a 
surface unit cell comprised of, for 
example, methylene groups and oxygen 
ions were calculated from the parameters 
of the surface lattice. The sizes of these 
unit cells were utilized for the calculation 
of the force of interaction. A summation 
of the unit cells over a square inch of 
surface was used to calculate adhesional 
strength on the pounds per square inch 
basis. The summation made in this 
way consequently involves only surface 
sites a t  which interaction with the 
adhesive can occur when the chains lie 
flat on the surface. 
* To calculate the strength of the 
dipole-ion interaction between the group 
dipole of the groups on the chain of the 
adhesive and the ion in the surface of the 
adherend requires a knowledge of the 
distance of separation between the two. 
Taking the C--Hf dipole as an ex- 
ample, vertical distances between the 
surface plane of the metal (the surface 
of the Lucite model) and the center of 
the dipole were measured by means of a 
cathetometer. The center of the C-- 
H +  dipole was taken as the center of the 
flat, exposed face (the hydrogen atom 
concerned being removed from the 
model after positioning OR the surface) 
of the carbon atom. The resulting dis- 
tance, shown as a dotted line in Figure 1, 
is the “experimental” interatomic dis- 
tance for the dipole-ion interaction when 
the dipole is located vertically above the 
surface of the adherend. 
Use of this interatomic distance as- 
sumes that the dipole and ion are point 
charges. When the dipole was situated 
at  an angle other than 90’ to the surface 
ion, as in the straddle position, the size 
of the angle between dipole and surface 
ion was determined geometrically, using 
a cathetometer and a protractor. The 
angle corresponds to angle 0 in Figure 1, 
B, and the straddle position is shown in 
Figure 1, A. The measurements were 
checked for several methylene groups 
in corresponding positions on a chain; 
no more than 0.01 to 0.02 A. nor more 
than 30’ of arc difference between 
measurements was found. The ionic 
radius was added to the measured dis- 
tance of separation in the case of the 
metal and the oxide surfaces, because the 
plane of the Lucite cut through the 
centers of the surface ions (Figure 1). 
Molecular Basis of Calculating 
Tensile Adhesional Strength 
The tensile adhesional strengths of 
polyethylene and poly(viny1 chloride) 
to metal and metal oxide surfaces was 
calculated approximately for various 
arrangements a t  the interface between 
adhesive and adherend. The ion-dipole 
mechanism of bonding was selected 
because it is a strong interaction, which 
has been generally neglected in discus- 
sions of the types of bonds formed be- 
tween polymers and metals. An inter- 
action of this type could be responsible 
for the bonding force in systems such as 
those considered. The strength of a 
single ion-dipole bond at  an angle to 
the surface in these systems, moreover, 
comes out close to the values reported 
by Czyzak (3) for dipole image and 
dispersion forces. No claim is made that 
polyethylene and poly(viny1 chloride) 
adhere to metals and metal oxides 
by an ion-dipole mechanism. If this 
mechanism were responsible for the ad- 
hesion, however, the order of magnitude 
of the strengths to be expected for the 
different orientations is indicated by the 
results obtained. 
There has been considerable discussion 
concerning the direction and magnitude 
of the C-H bond moment, which is 
summarized by Smyth (29). Especially 
because the hydrogen atoms of the hy- 
drocarbon chains of the polymers studied 
are in the electrical environment of 
negative oxygen ions when they are 
situated on the surface of a metal oxide, 
it is reasonable to assume, with Smyth, 
that the direction is C--H+ and to 
assign to it the full value of 0.4 debye 
unit, Smyth’s value for the bond 
moment of the carbonyl group, with the 
oxygen being negative (C+=O-) ,  is 
2.3 debye units. This suggests that a 
carbonyl group in a hydrocarbon chain 
will have a strong tendency to interact 
with a metal or metal oxide surface 
through dipole-ion forces, giving rise, 
respectively, to bonds of the type 
C+=O-. . .M+ and O-=C+. . .O--. 
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Method of Calculation 
Equations 1 and 2 were used to cal- 
culate the force and energy of inter- 
action, respectively. 
Zec E = - COS e 
Dr2 
where Z is the charge of the ion: e is the 
electronic charge (4.8 X 10-10 e.s.u.), 
fi  is the bond dipole moment of the 
interacting group of the polymer, D is 
the dielectric constant (taken as l), 
Y is the measured distance of separation 
between ion and dipole in centimeters 
(shown as a dotted line in Figure 1, 
A and B) ,  and 8 is the measured angle 
of interaction in degrees (also shown 
in Figure 1,B). The bond momenta 
used were 0.4 X 10-18 e.s.u.-cm. for the 
C--H+ group, 2.3 X 10-'8 for the 
C=O group, and 1.3 X 10-18 for the 
C+-Cl- group (77). As Fe-0 and 
Ti-0 bonds are partly covalent and 
partly ionic, Pauling's electronegativities 
(27) were employed to estimate 2. 
No account was taken of repulsion 
forces, which are generally taken as 
being from 20 to 50% of the attractive 
force, The effect of the repulsion 
forces may be oGerbalanced by use of a 
2 value that is too low for metal and 
oxygen ions in the surface. 
Calculations using either Equation 
1 or 2 were made in the following way. 
The number of surface ions in any chosen 
row that was required before repetition 
of the positions of the dipoles of the 
adhesive molecule was determined. The 
distance of separation between ion and 
dipole and the angle, 8, of the dipole 
with respect to the ion then were meas- 
ured for each ion-dipole pair of the 
repeating unit, Each of these distances 
and corresponding angles was used in 
the equation and the calculated energies 
or forces were added for the repeating 
unit. When the methylenic hydrogen 
atoms were in a straddle position over a 
surface ion, only one of the two geo- 
metrically possible interactions was em- 
ployed in the calculation. To obtain the 
energy or force for 1 sq. cm. of surface, 
two rows of the repeating units were 
placed on the surface, the area of the 
unit was determined, and the number of 
such surface unit cells per square centi- 
meter were calculated. From this in- 
formation the total energy or force was 
obtained. If an arithmetic or geometric 
mean of the values of r and 8 for the 
repeating surface unit cell is used in 
Equations 1 and 2 instead of the sum of 
the individual values, higher values of 
the energy and force are obtained when 
the methylene group straddles a surface 
ion and lower values when the C--H+ 
dipole is vertical. 
Structural Relationships 
The quantitative data obtained from 
studies of the models can be better 
understood in the light of certain struc- 
tural relationships between the adhesive 
and adherend that are readily apparent 
when models of the two are brought into 
juxtaposition. Comparison of Figure 
2, representing the ferric oxide surface 
of iron, which closely corresponds geo- 
metrically to the chromic oxide that is 
considered to be present on stainless steel, 
and Figure 8, representing the oxidized 
surface of titanium, suggests strongly that 
any polymer may be expected to adhere 
more strongly in practice to the titanium 
than to the iron surface because of the 
much larger number of sites on the sur- 
face of the latter. This difference may 
account for the enhanced adhesion of 
polyethylene to aluminum foil and steel 
that is said (22) to result from precoat- 
ing the metal with a titanium ester 
which hydrolyzes to TiOz on the sur- 
face. I t  is difficult to see how rough- 
ness of the surface could, except by 
chance, reverse this difference. 
Figure 6 represents polyethylene and 
oxidized polyethylene on an oxidized 
titanium surface with the excluded row 
of oxygen ions between them. This 
excluded row can contribute but little 
to the total adhesion, even when a second 
layer chain of the adhesive is placed over 
the layer occupying the interface, be- 
cause the interaction distance is large, 
of the order of 10 A. Figure 6 also 
shows that the interaction energy would 
be reduced if curved chains were placed 
on the surface and fitted as closely as 
possible in view of established interchain 
distances, In  such an arrangement 
some of the C---Hf dipoles would lie 
over titanium ions and therefore be at a 
greater distance than from oxygen ions. 
A more random arrangement than 
that of straight, parallel chains is likely 
to be encountered in practice. The 
models seem to show that lateral ran- 
domness will reduce the number of 
available sites for adhesive-adherend 
interaction and hence reduce the force 
of adhesion, perhaps well below the 
calculated values. Polyethylene is about 
57% crystallized when solidified from 
the melt under tension, the crystalline 
form consisting of radiating helices 
(73), and it can be bonded to metals 
under similar conditions-heating to 
fusion and pressing out the excess of 
polyethylene from between the adher- 
ends. When models of tight helices of 
polyethylene are placed on a model of 
the Ti-0 surface, 87y0 of the surface 
sites appear to be excluded from inter- 
action with the polyethylene. In  the 
case of loose helices, even fewer sites can 
be involved. Consequently, as we get 
Table 1. Calculated Interaction Energies for Single Surface Sites and Single 
Group Dipoles 
Interaction Angle of 
Energy" Dipole to 
Ergs/Site Surface, Surface Arrangement 















--H+. . .O- Interaction. Polyethylene on Oxide Surfaces 
0 C-H vertical O-O-O-O (a-FeO) 
22 C-€I vertical O-O-O-O (a-FeO) 
25 C-H vertical O-O-O-O (a-FeO) 
42 C-H straddle O-O-O-O (a-FeO) 
34 C-H straddle O-O-O-O (a-FeO) 
38 C-H straddle O-O-O-O (a-FeO) 
39 C-H straddle O-O-O-O (a-FeO) 
12 C-H vertical O-O-O-O (TiO) 
O-O-O-O (TiO) 46% C-H straddle 
0 C-H vertical O-O-O-O (FepOa) 
42 C-H vertical O-O-O-O (Fen02 
48 C-H vertical O-O-O-O (Fe203) 












0 C-CI vertical 
0 C-Cl vertical 
26 C-CI vertical 
10 C-Cl vertical 
0 C-CI vertical 
12 C-Cl vertical 
. . . M +  Interaction. Polyethylene 
0 C-H vertical 
0 C-H vertical 
38 C-H vertical 
0 C-H vertical 
Along edge (Fe) 
Along diagonal (Be) 
Along diagonal (Be) 
Horizontal plane (Ti) 
Basal plane 4.67 A. (Ti) 
Basal plane 2.92 A. (Ti) 
on Metal Surfaces 
Along edge (Be) 
Along diagonal (Fe) 
Along diagonal (Fe) 
Hexagonal plane (Ti) 
a These values compare to approximately 0.57 X 10-1* for an 8.2-kcal. hydrogen bond, 7.65 
X IO-'* for the 0-H covalent bond, and 6.1 X 10-12 for the C-H covalent bond, based on 
Pauling's bond energies ($1). 
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Table I I .  Calculated Interaction Energies for Oxidized Polyethylene on Metal and 
Oxide Surfaces 
(Dipoles vertical to  surface in each case) 
Interactiou Angle of 
Energy5, Dipole t o  
. Ergs/Site Surface, Bond 
x 1018 Degrees Considered Crystal Row 
1.81 0 C--H'. . ,O--b O-O-O-O (Ti) 
1.73 12 C--H+ ... 0--  O-O-O-O (Ti) 
1.76 0 C--H+...O-- O-O-O-O (a-FeO) 
1.74 5 C--H+. .O- -  O-O-O-O (a-FeO) 
2.73 0 o=c+. ..o-- O-O-O-O (Ti) 
2.73 0 o=c+ ... o-- O-O-O-O (a-FeO) 
a These values compare to approximately 0.57 X 10-12 for an 8.2-kcal. hydrogen bond, 7.65 
X 10-12 for 0-H covalent bond, and 6.1 X lo-'* for C-H covalent bond, based on Pauling's 
bond energies (21). 
Dipole moment for C-H bond was increased from 0.4 t o  0.5 for this calculation bewuse 
vector addition of dipoles, using Le Feme's values (17) for moments of acetone, diethyl ketone, 
and carbonyl group, indicates this value, due t o  enhancement by carbonyl group of oxidized 
polyethylene. 
14.7 0 C+=O-. , .M+ Hexagonal plane (Ti) 
14.2 0 C+=O-. . . M +  Along edge (Fe) 
~~~ ~ 
Table 111. Calculated Data for Adhesion of Polyethylene to Surfaces 
Carbon 
Cal./Unit Atoms/ % of Adhesion 
Cell Unit kites Force, Surface Arrangement 
x 102' Cell Excluded P.S.I. Polymer Crystal Row 
C--H+. . .O--  Interaction for Polyethylene on Ti-0 
2.24 4 67 14,310 C-H straddle Ti-0-Ti-0 
6.92 4 67 41,300 C-H vertical Ti-0-Ti-0 
3.15 4 50 31,700 C-H straddle O-O-O-O 
5.87 4 50 73,400 C-H vertical O-O-O-O 
8.32 .. 0 810,000 C-H vertical All oxygens 
C--H+. . 0-- Interaction for Polyethylene on or-FeO 
11.1 18 50 15,100 C-H straddle Fe-0-Fe-0 
15.1 18 50 22,000 C-H vertical Fe-0-Fe-0 
5.08 6 50 14,300 C-H straddle O-O-O-O 
8.22 6 50 22,200 C-H vertical O-O-O-O 
5.10 19 50 7,700 C-H straddle Fe-0-Fe-0 
10.10 19 50 15,000 C-H vertical Fe-0-Fe-0 
2.89 4 0 8,300 C-H straddle O-O-O-O 
5.73 4 0 15,500 C-H vertical O-O-O-O 
C+-H-. . .Ti+ Interaction for Polyethylene on Ti 
C--H+ . .OM-  Interaction for Polyethylene on Fez08 
9.67 2 67 105,800 C-H vertical Hexagonal plane 
17.8 74 50 39,400 C-H vertical Basal plane, 4.67 A. 
9.67 2 67 99,400 C-H vertical Basal plane, 2.92 A. 
C--H-. , .Fe+ Interaction for Polyethylene on Fe 
12.45 2 67 59,600 C-H vertical Along diagonal 
8.83 6 67 92,000 C-H vertical Along edge 
Dispersion Force Interaction for Polyethylene on Ti-0 
Not applicable 67 66,600 C-H straddle Ti-0-Ti-0 
Not applicable 67 33,300 C-H vertical Ti-0-Ti-0 
farther away from the idealized models 
shown in Figures 2 to 8, the force of ad- 
hesion is expected to become less and 
less. 
Figure 8, which shows a chain segment 
of poly(viny1 chloride) on a Ti-0 
surface, suggests that, unless the surface 
were rough so that the titanium ions 
were more accessible, poly(viny1 chlo- 
ride) would not tend to adhere as a 
result of interaction between C+-Cl- 
dipoles and titanium ions. For this 
interaction to occur would require the 
negative end of the dipole to penetrate 
the fields of four negative oxygen ions. 
On the other hand, an a-Fe-0 or 
F e 2 0 3  surface on iron or steel apparently 
would accommodate the C+-Cl- di- 
pole, so that poly(viny1 chloride) could 
adhere to oxidized iron surfaces through 
the chlorine atoms. This situation can 
be seen by reference to Figures 2 and 3 
and comparison of the spacings of sites in 
the surfaces with those in Figure 8. 
Thus, the way an adhesive adheres to 
the surface of a metal-essentially all 
such surfaces being oxidized-depends 
on the spacing in the crystal lattice of 
the metal oxide. 
The orderly array of surface ions and 
polymer chains, shown in Figures 2 to 
8, which give rise to a maximum number 
of interactions between the two, demon- 
strates qualitatively the effect of surface 
roughness upon the number of inter- 
actions, and hence on adhesional tensile 
strength. A macroscopically rough sur- 
face of a polycrystalline metal with or 
without its oxide coating will present a 
disordered set of sites. The sites will be 
in various planes and various angles, 
with irregular hills and valleys. If, now, 
a segment of a polymer is placed on 
such a surface, only an occasional group 
on the chain would be expected to be in a 
position 10 interact strongly with a 
surface site. Much bridging of valleys 
on the surface of the adherend would be 
expected to occur, both macroscopically 
and microscopically. Even if one chain 
found many sites for interaction, a second 
chain would have to take a position on 
the surface that followed the contour of 
the first, if large excluded areas contain- 
ing active sites on the surface between 
them were to be avoided. These effects 
and others can lead to experimental 
adhesional tensile strengths very much 
lower than calculated values. 
Another effect of the rough surface of a 
polycrystalline metal is that the shear 
component of a vertically applied force 
is introduced when a segment of a chain 
is pulled vertically off a hillside. If the 
force of adhesion is due to ion-dipole 
interactions, both r and e in Equations 
1 and 2 would be increased and the 
corresponding energy and force reduced 
as a bound group on a polymer segment 
is moved vertically from a hillside on the 
surface of an adherend. This would not 
be the case if the adhesion were due to 
dispersion forces alone. As a result of 
mechanisms such as these, the crazing 
sometimes observed on the surface of a 
bond that has broken in adhesional 
failure can be accounted for. Shearing 
forces are expected to widen the gap, 
perhaps considerably, between experi- 
mental adhesional tensile strengths and 
the calculated values reported here. 
Discussion of Calculated 
Adhesional Forces 
Quantitative data, calculated as de- 
scribed from the models, are shown in 
Tables I to V. The interaction energies 
calculated for some of the dipole-ion 
forces considered, in terms of a single 
group dipole on a segment of a polymer 
chain acting at various angles and a 
single ion in the surface, are shown in 
Tables I and 11. The results are to 
be regarded as only roughly approxi- 
mate. Their order of magnitude is about 
that of an 8.2-kcal. hydrogen bond, as 
can be seen by comparing the values in 
the first columns of the two tables with 
those in the footnote to Table 11. 
Marked variation in the interaction 
energy is seen to result from the dipoles' 
being situated at  different angles to the 
surface, from the position of the dipole 
(whether vertical or straddle), and from 
the atomic spacings in the metal and 
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metal oxide surfaces. The interaction 
energy runs higher on the metal than on 
the metal oxide surface in the case of 
polyethylene. Corresponding data for 
poly(viny1 chloride), which are not 
shown, exhibit the same tendency. 
The C+-Cl- dipole, being much 
larger than the C--H+ dipole, gives 
rise to a much higher interaction energy 
for poly(viny1 chloride) than for poly- 
ethylepe on metal surfaces. The inter- 
action energy between a surface ion and 
a C--H+ dipole in oxidized poly- 
ethylene, when the dipole is situated no 
more than two carbon atoms away from 
a carbonyl group, is greater than that for 
the normal C--H+ dipole, as would be 
expected, Table I1 contains the values 
of the interaction energy obtained for 
these enhanced dipoles. I t  shows that 
the interaction of a carbonyl group 
attached to a polyethylene chain, with 
metal ions in the surface, is very strong 
on the basis of these calculations. Also, 
the O-=C+ dipole on an oxidized 
polyethylene chain interacts very strongly 
with surface oxygen ions, according to 
these computations, even though the 
carbon atom is not very close to the 
surface. 
The calculated data for the adhesion 
forces appear in Tables 111, IV, and V. 
Figures 1 to 8 illustrate each of the inter- 
actions for which data are shown in the 
tables. Table 111, for purposes of com- 
parison, includes values of the adhesion 
force calculated on the assumption that 
the interaction between polyethylene 
and the surface is due entirely to dis- 
persion forces. The results were arrived 
at  by multiplying the number of sites 
per square centimeter obtained from 
model studies by one half the number 
of dynes per monomer unit calculated by 
Kraus and Manson (76) for the disper- 
sion force interaction, and converting to 
pounds per square inch. The factor 
one-half has the effect of converting 
force per monomer unit to force per site, 
as called for by the results of the model 
studies. Probably the most striking 
features of the data for unoxidized poly- 
ethylene and poly(viny1 chloride) are the 
large numbers of sites on a plane surface 
that are excluded by the geometry of the 
chains and the surface from interacting 
with groups on the polymer chain and 
the high values of the forces of adhesion. 
Even with ordered polymer chains on 
ordered surface sites, from 50 to 67% 
of the surface sites are 10 A. or more 
away from any part of the polyethylene 
chain. Helical chains and surface 
roughness probably could readily pro- 
duce a situation in which only 1 to 2% 
of the surface sites on an adherend could 
participate in adhesion. The high 
vhlues of the forces of adhesion result 
from calculating the maximum amount 























Calculated Data for Adhesion of Poly(viny1 Chloride) to Surfaces 
Adhesion 
Force Surface Arrangement 
P.S.I. Polymer Crystal row 
C--H+. . .O--  Interaction for Poly(viny1 Chloride) on FelOs 
5,800 C-€I straddle 
9,600 C-H vertical 
3,400 C-H straddle 





C--H+. . .O-- Interaction for Poly(viny1 Chloride) on a-FeO 
11,500 C-H straddle 
19,000 C-H vertical 
8,300 C-€I straddle 





C--H+. . -0 - -  Interaction for Poly(viny1 Chloride) on Ti0 
26,600 Random chaina Ti-0-Ti-0 
14,500 Crystal,n C-H straddle Ti-0-Ti-0 
24,000 Crystal, C-H vertical Ti-0-Ti-0 
31,800 Random chain o-o-o-o 
10,500 Crystal, C-H straddle o-o-o-o 
56,200 Crystal, C-H vertical o-o-o-o 
C+-Cl-. . .Ti+ Interaction for Poly(viny1 Chloride) on Titanium 
42,000 Random chain Hexagonal plane 
22,600 Random chain Basal plane, 4.67 A. 
C+-Cl-. . .Fe+ Interaction for Poly(viny1 Chloride) on Iron 
59,300 Random chain 
44,300 Random chain 
Along edge 
Along diagonal 
a Random and crystal refer to arrangement of units in chain, not to the way it was arranged 
For two forms of molecule, distances of chain separation given by Mark (19) on the surface. 
were used. 




C --H + Moments 
0.2% 0 2  1% 01 
Surface Studied Act, P.S.I. 
Ti-0-Ti-0 520 5530 
O-O-O-O in Ti-0 328 3160 
Fe-0-Fe-0 384 3740 
O-O-O-O in FetOs 163 1570 
Fe-0-Fe-0 227 2190 




C --H + Dipoles 
Act, P.S.I. 










M+.  . ."O-C+ 







The data show that the directed forces 
of adhesion are considerably smaller in 
all cases for both polymers where the 
methylene groups straddle surface ions 
than when they are vertical. This is to 
be expected-in view of the cosine term 
in Equations 1 and 2. According to the 
calculations, polyethylene should adhere 
to an ordered iron surface containing 
Fez03 or CrzOa markedly less strongly 
than to a surface containing the oxide 
Ti-0. In  an ordered surface con- 
taining a-FeO, the adhesion should be 
similar in degree to that on a Ti-0 
surface, on the basis of the results. 
If one could apply either polyethylene 
or poly(viny1 chloride) to a metal 
surface after cleaning the surface and 
before it becomes oxidized, the data 
strongly suggest that the forces of ad- 
hesion would be much stronger than 
those involved on an oxidized surface. 
This should be the case whether or not 
an ordered surface contains an ordered 
array of polymer chains. 
The adhesion force for polyethylene on 
a Ti-0 surface turned out to be 810,000 
p.s.i. when all the oxygen ions in the 
surface were considered to participate in 
the bonding. The model of the polymer 
could not conceivably be fitted onto the 
surface, in the light of known structural 
parameters, so that all surface oxygen 
ions would be involved in bonding. 
A result such as 810,000 p.s.i. illustrates 
what happens to the magnitude of the 
forces of adhesion when a single inter- 
action is summed up over the whole of an 
active surface. 
The data for poly(viny1 chloride) on 
various oxide surfaces shown in Table 
I V  are misleadingly small because the 
value of the C'-H+ dipole was taken 
as 0.4 instead of the higher value that 
would be obtained by vectorial addition 
VOL. 50,  NO. 6 JUNE 1958 933 
of the C--H* and C+-Cl- moments, 
If this operation had been carried out 
and the adhesion force calculated on 
that basis, poly(viny1 chloride) would 
show stronger forces of adhesion to oxide 
surfaces than polyethylene. 
The results for poly(viny1 chloride) 
show the same general trends as those 
for polyethylene. However, the random 
chain exhibited greater calculated ad- 
hesional forces than the crystalline chain 
on the Ti-0 surface, except when the 
crystalline chain was arranged with the 
C--H+ dipoles vertical to the surface. 
The data in Table V showing the 
effects of oxidation of polyethylene are 
especially interesting. The procedure 
for obtaining this information was to 
consider that the polyethylene is oxidized 
by introduction of carbonyl groups. By 
using the bond moment of the carbonyl 
group and the dipole moments of acetone 
and diethyl ketone, the enhancement of 
the dipole moment of the C-H group 
was calculated. The effect of the car- 
bonyl group was found, by this method, 
to extend two carbon atoms either 
side of it and the calculated average 
moment for the four C--H“ dipoles 
associated with each carbonyl group was 
0.5 debye unit instead of 0.4 used in the 
other calculations. With four in 570 
C--H+ dipoles, corresponding to 0.2% 
oxygen in the polyethylene and 20 in 
570 corresponding to 1% oxygen, the 
adhesion force was calculated for the 
C --H *. . . 0-- interaction, assuming 
that the only bonding was through the 
enhanced dipoles. The dipoles were 
oriented vertical to the surface. The 
first two columns of data in Table V 
show the results. The second two 
columns show the added adhesional force 
that would result if these enhanced 
dipoles had been present and all other 
geometrically possible C--H*. . .O-- 
interactions also contributed to the 
adhesion. The C--H+ dipole was 
oriented vertically to the surface in this 
case also. Assuming that the metal 
surface is unoxidized and that the 
adhesion is through the oxygen atom of 
the carbonyl group, the data in the last 
two columns of the table were obtained. 
Studies of models on the surfaces con- 
sidered show that the forces of adhesion 
obtained for 0.2 and 1% oxygen can be 
extrapolated linearly beyond these limits 
of oxidation. At somewhat less than 
25% oxygen the carbonyl groups would 
radically change the orientation on the 
surfaces of the models. 
The adhesional forces obtained as 
above for polyethyIene containing 0.2% 
of oxygen on the 0-0-0-0 row of 
an Fez03 surface and on the Fe-0- 
Fe-0 row of an a-FeO surface are ex- 
tremely close to those obtained experi- 
mentally (2). Also, the values calcu- 
lated for 1 % of oxygen on both iron oxide 
surfaces for both sets of rows agree very 
well with experimental values (2)  for 
oxidized polyethylene. If it is assumed 
that the bonding is through the metal ion 
in the surface film of oxide and the oxy- 
gen of the carbonyl group, and only the 
carbonyl groups are involved in the ad- 
hesion, the calculated data again agree 
well with experimentally determined ad- 
hesional strengths. 
A possible mechanism of bonding of 
oxidized polyethylene to stainless steel 
is the formation of hydrogen bonds with 
the surface oxide, since the oxidized 
polymer contains hydroxyl groups. If 
this were the actual mechanism, the 
strength of adhesion would be about the 
same as that shown in Table V for the 
C+=O-. , . M +  bonds, on the assump- 
tion that all the bonding was due to 
hydroxyl groups. When a hydroxyl 
group is brought into contact with the 
surface, as in hydrogen bonding, the 
models show that the interaction energies 
of nearby methylene groups with the 
surface should be markedly reduced 
because of a considerably increased dis- 
tance from the surface. 
A bonding mechanism in which C-- 
H+ dipoles that are enhanced by the 
presence of hydroxyl groups interact 
with oxygen ions in the surface would 
result in less strength of adhesion than 
was calculated for chains containing 
carbonyl groups, because the dipole 
moment of the 0-H group is less than 
that of the C=O group. 
The striking agreement between theory 
and experiment shown in Table V should 
not be taken as proof that the models and 
calculation upon which the theoretical 
values are based are correct. However, 
it suggests strongly that the large values 
of the adhesion force shown in Table I11 
represent only the maximum possible 
amount of interaction, whether a dipole- 
ion or dispersion force interaction is 
postulated. The data in Tables I11 
and V, combined with the experimentally 
obtained values for the adhesion of poly- 
ethylene to metals, can be interpreted 
to mean that many fewer than the 
theoretical maximum number of sites 
of interaction between adhesive and 
adherend actually are involved in 
practice. 
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